Vitamin A homoeostasis requires the gene encoding cellular retinol-binding protein-1 (Crbp1) which stimulates conversion of retinol into retinyl esters that serve as a storage form of vitamin A. The gene encoding alcohol dehydrogenase-1 (Adh1) greatly facilitates degradative metabolism of excess retinol into retinoic acid to protect against toxic effects of high dietary vitamin A.
INTRODUCTION
The function of vitamin A (retinol) in chordate animals is unique in that it acts not only as a precursor for retinaldehyde used in the visual cycle [1] , but also as a precursor for RA (retinoic acid) which serves as a ligand for RARs (RA receptors) controlling gene regulation during embryonic development and adult tissue regeneration [2] [3] [4] . The isomers all-trans-RA (a ligand for RARs) and 9-cis-RA (a ligand for retinoid X receptors; RXR) were both originally hypothesized to be important for gene regulation [5] , but recent studies indicate that an RAR ligand is sufficient to rescue an embryonic lethal genetic defect in RA synthesis [6] . Also, as all-trans-RA can be easily detected in many adult and embryonic tissues, whereas 9-cis-RA cannot be detected in these same tissues [6] [7] [8] [9] [10] , it is quite possible that all-trans-RA is the only ligand needed physiologically for RA signalling. RA is not produced by all cells of the body at all stages of development, but is instead produced in a unique spatiotemporal pattern as observed in mouse embryos carrying an RA-reporter transgene [11] . Retinol is transported in the blood via serum retinol-binding protein which makes it available to essentially all cells for potential conversion into RA [12] [13] [14] . Many cells (including hepatocytes and liver stellate cells) express CRBP1 (cellular retinol-binding protein-1) [15] . CRBP1 facilitates esterification of retinol in stellate cells by LRAT (lecithin:retinol acyltransferase) to produce retinyl esters for storage, and retinyl ester hydrolysis in stellate cells then regenerates retinol which can either be re-esterified, exported to hepatocytes, transported into the blood or metabolized into RA [16, 17] . The stellate cells of the adult liver are the main site of retinyl ester storage in the body and this source of retinol is severely depleted in Crbp1 −/− mice [18] . Conversion of retinol into RA is a two-step enzymic pathway with retinaldehyde as the intermediate. Oxidation of retinol into retinaldehyde (a reversible reaction) is ubiquitous, as it is catalysed by ubiquitously expressed ADH3 (alcohol dehydrogenase class III) [19] , as well as by several overlapping tissue-specific enzymes including ADH1 and ADH4 [20] [21] [22] [23] and numerous microsomal SDR (short-chain dehydrogenase/reductase) family members [24] [25] [26] . In addition, enzymes have been identified from the SDR family and AKR (aldo-keto reductase) family that act preferentially as retinaldehyde reductases to convert retinaldehyde into retinol [27] [28] [29] . Oxidation of retinaldehyde into RA (an irreversible reaction) is controlled by the tissue-specific retinaldehyde dehydrogenases RALDH1 (ALDH1A1), RALDH2 (ALDH1A2) and RALDH3 (ALDH1A3) which synthesize RA in distinct spatiotemporal patterns [30] [31] [32] [33] [34] [35] [36] [37] . Some RA becomes bound to RA receptors for signalling, but some is subjected to oxidative degradation by various P450 enzymes (including CYP26A1, CYP26B1 and CYP26C1) that metabolize RA to more easily excretable forms [38] [39] [40] . The various retinol metabolic pathways are summarized in Scheme 1.
Previous studies on Adh1 −/− mice demonstrated that ADH1 is not required for survival and growth on normal or vitamin A-deficient diets [23] . However, ADH1 is present at very high levels in adult liver where it plays a role in oxidative metabolism of excess dietary retinol to provide protection against retinol toxicity [23] . Further mouse genetic studies have demonstrated that the dominant pathway of degradative retinol turnover in the Scheme 1 Retinol levels in serum during VAD Intracellular retinol can bind CRBP with the equilibrium greatly in favour of the bound form. Retinol can be covalently linked to a fatty acid by LRAT to produce retinyl esters for storage, and a retinyl ester hydrolase can regenerate retinol. Several forms of ADH and SDR catalyse oxidation of retinol into retinaldehyde, and several forms of aldehyde dehydrogenase (ALDH) catalyse oxidation of retinaldehyde into RA. RA can enter the nucleus and function as a ligand for RARs, or it can be metabolized by several members of the P450 (CYP) enzyme family into 4-oxo-RA, which constitutes the first step in a degradative pathway ultimately resulting in retinoid excretion. RA can also bind cellular RA-binding protein (CRABP) which may affect the degradation pathway.
liver proceeds through oxidation of retinol into retinaldehyde by ADH1, followed by irreversible oxidation of retinaldehyde into RA by RALDH1 [41] . As ADH1 and RALDH1 are expressed at high levels in both hepatocytes and stellate cells [42] , their retinoid activity may effect the ability of CRBP1 to sequester retinol for retinyl ester synthesis. CRBP1 is expressed at high levels in adult liver (particularly high in stellate cells), where it has been hypothesized to bind most of the retinol, leaving very little free retinol available [43, 44] . These findings suggest that exposure to high dietary retinol intake leads to an increase in free retinol unbound to CRBP1, which is then oxidized into RA by ADH1 and RALDH1. Analysis of Crbp1 −/− mice supports the hypothesis that liver CRBP1 sequesters retinol primarily for the purpose of retinyl ester synthesis rather than RA synthesis [18] . In the present study we test the hypothesis that liver CRBP1 limits oxidation of retinol by ADH1, thus increasing the ability of esterifying enzymes to produce retinyl esters in stellate cells. We also examine whether ADH1 plays a constant role in retinol turnover during vitamin A sufficiency, deficiency or excess. Results from genetic crosses between Crbp1 −/− and Adh1 −/− mice indicate that CRBP1 and ADH1, indeed, have opposing actions on liver retinol metabolism that control the balance between retinol storage and retinol turnover under any dietary vitamin A conditions.
EXPERIMENTAL

Generation of Crbp1
−/− /Adh1 −/− double mutant mice
Crbp1
−/− mice have been described previously [18] , as have Adh1 −/− mice [23, 45] 
Generation of vitamin A-deficient mice
Gestational VAD (vitamin A deficiency) was induced as described previously [18, 19] . For each mouse strain, mice were placed on Purina VAD diet 5822 (vitamin A < 0.22 unit/g) at 4 weeks of age and maintained on this diet until analysis. Prior to placement on the VAD diet, mice were maintained on normal Purina Formulab chow diet 5008 (vitamin A = 15.0 units/g).
Retinol treatment of mice
All-trans-retinol (Sigma) was dissolved in acetone/Tween 20/water (0.25:5:4.75, by vol.) as described previously [46] , and was administered at a dose of 50 mg/kg by oral injection to adult female mice (age-and weight-matched). After 2 h, liver and blood were collected and processed for HPLC analysis of retinoids as described below.
Quantification of serum RA and retinol Serum (0.2 ml) was mixed with 0.2 ml of methanol and extracted twice with 1 ml of hexane. All retinoid extraction and analytical procedures were carried out in a darkened room to protect retinoids from exposure to light. The hexane layers were collected, combined and evaporated under vacuum. The residue was dissolved in 150 µl of HPLC mobile phase, and 100 µl of this was analysed by HPLC as described previously [35] .
Quantification of retinoids in liver
Hepatic levels of all-trans-RA, all-trans-retinol and retinyl esters were quantified by HPLC as described previously [35] . Briefly, liver (0.5 g) was homogenized in 1 ml of PBS (0.01 M, pH 7.4) and 150 µl (10%) was removed for analysis of retinyl esters, whereas the remaining homogenate was used for analysis of alltrans-RA and all-trans-retinol. Retinyl esters were quantified as described previously using liver samples subjected to saponification to convert retinyl esters into retinol [47] . Liver retinyl ester content was obtained from the difference of the total retinol measurement (from saponified liver) and the unesterified retinol measurement (from non-saponified liver). All samples were subjected to reversed-phase HPLC analysis performed on a Waters 2695 HPLC system using a SUPLEX pkB-100 analytical column (250 mm × 4.6 mm) (SUPELCO). Detection of retinoids was performed using a photodiode array detector (Waters model 2996) which collected spectra between 200 and 450 nm. Standard solutions of all-trans-retinol and all-trans-RA (Sigma) were used to obtain the calibration curves. Characteristic peak spectra and retention times were used to identify each retinoid, and quantification of peak areas was calculated at λ max using Waters Millennium Chromatography Manager software. The detection limit for the all-trans-RA standard was 0.2 ng per sample. Statistical significance was determined for raw data using the unpaired Student's t test (Statistica version 5.0).
RESULTS
Generation of Crbp1
−/− /Adh1 −/− mice
Matings of Crbp1
−/+ /Adh1 −/+ double heterozygous mice resulted in generation of double homozygous Crbp1 −/− /Adh1 −/− mice (7 out of 90 pups, or 1/13) at approximately the expected Mendelian ratio (1/16). Matings of Crbp1 −/− /Adh1 −/− mice produced normal litter sizes with viable offspring which were used for all subsequent studies. Wild-type, Crbp1 −/− and Adh1 −/− littermates generated from the double heterozygote matings were also used for the studies reported below.
Crbp1
−/− /Adh1 −/− genotype restores liver retinyl ester levels to normal Retinoid levels in mice maintained on normal mouse chow (vitamin A sufficiency) were quantified by HPLC (Table 1) . Compared with wild-type mice, liver retinyl ester levels were reduced by 3.5-fold in Crbp1 −/− mice and increased by 1.6-fold in Adh1
mice, but Crbp1 −/− /Adh1 −/− mice exhibited levels that were not significantly different from wild-type. Levels of retinol in serum and RA in liver were not significantly different among the four strains (Table 1) . Liver retinol levels were moderately lower in Crbp1 −/− , as well as Crbp1 −/− /Adh1 −/− mice, and moderately higher in Adh1 −/− mice. As the concentration of CRBP1 in liver has been reported to be approximately the same as the total liver retinol concentration, and as the dissociation constant of CRBP1 for retinol is 0.1 nM, it has been estimated that the amount of free retinol in wild-type liver is only 0.25 nM [43, 44] . In Crbp1 −/− , as well as Crbp1 −/− /Adh1 −/− , mice the amount of free retinol must be substantially higher than this, as the total retinol concentration in the absence of CRBP1 dropped only 2-fold. Overall, the biggest effect of CRBP1 or ADH1 null mutations was on liver retinyl ester levels. These findings suggest that oxidation of retinol by ADH1 under conditions of dietary vitamin A sufficiency is responsible for the loss of retinyl esters observed when CRBP1 is missing. As ADH1 activity had previously been shown to be essential for clearance of excess dietary retinol [23] , this now expands the role of ADH1 in retinol oxidation to physiological vitamin A conditions. The lack of a major effect on liver steady-state RA levels when ADH1 activity is lost indicates that other enzymes (including ADH3) also contribute to liver RA synthesis in vivo as suggested previously [19] . Furthermore, continuous degradation of RA by P450s [39] may ultimately be responsible for setting a low steady-state level of liver RA that can still be maintained when RA synthesis by ADH1 is lost, but RA synthesis by other enzymes continues.
Loss of retinoids observed in Crbp1
−/− mice during VAD is delayed in Crbp1
Mice from all four strains were placed on a VAD diet at 4 weeks of age, and retinoids were periodically quantified by HPLC. The degree of VAD obtained in our experiments (i.e. the rate of liver retinyl ester loss) was not as severe as that previously published for wild-type and Crbp1 −/− mice [18] , perhaps due to differing sources of VAD diet and differing genetic backgrounds. However, an effect of the Adh1 −/− genotype was still observed. From 1-13 weeks on the VAD diet there was not a significant difference in serum retinol among the four strains (Figure 1 ). However, after 18 weeks of VAD, Crbp1 −/− mice exhibited significantly lower serum retinol than wild-type mice, whereas levels in Crbp1 −/− /Adh1 −/− mice remained similar to wild-type ( Figure 1 ). This indicates that ADH1 is involved in the loss of serum retinol observed during VAD when CRBP1 is missing. This finding suggests that ADH1 plays a role in retinol oxidation even during VAD when dietary retinol is no longer entering the body. From 5-13 weeks of VAD there was a significant reduction in liver retinol observed in Crbp1 −/− mice relative to wild-type mice and an increase in Adh1 −/− mice, but levels were restored to wildtype in Crbp1 −/− /Adh1 −/− mice (Figure 2 ). At 18 weeks of VAD, liver retinol levels in both Crbp1 −/− and Crbp1 −/− /Adh1 −/− mice were significantly lower than wild-type, probably due to excessive depletion of retinyl ester stores in the absence of CRBP1 (see below).
After 1-5 weeks of VAD, retinyl ester levels were significantly lower in Crbp1 −/− mice and significantly higher in Adh1 −/− mice relative to wild-type mice, but levels were restored to wild-type in Crbp1 −/− /Adh1 −/− mice (Figure 3 ). At 9-13 weeks of VAD, retinyl ester levels began to drop in Crbp1 −/− /Adh1 −/− mice relative to wild-type mice, but remained approx. 10-fold higher than that observed in Crbp1 −/− mice ( Figure 3) . By 18 weeks of VAD, retinyl ester values were 0.2 + − 0.1 µg/g for Crbp1 −/− and 7 + − 4 µg/g for Crbp1 −/− /Adh1 −/− mice, a 35-fold difference. Thus the deficiency status is significantly delayed in double null mutants relative to Crbp1 −/− mice. This provides further evidence that metabolism of retinol by ADH1 is primarily responsible for the loss of retinyl esters observed when CRBP1 is missing. This conclusion is further supported by our observation that retinyl ester levels were higher in Adh1 −/− mice relative to wild-type mice during VAD (Figure 3 ).
Liver RA levels are maintained during VAD
In contrast to the large decreases in liver retinol and retinyl ester levels observed in Crbp1 −/− mice during VAD, liver RA levels were not significantly different among the four mouse strains during VAD. Liver RA values after 1 week of VAD were not significantly different than those observed after 36 weeks of VAD for all four strains (Figure 4) . However, between 9-13 weeks of VAD, we observed a temporary reduction in liver RA for all four strains, but by 36 weeks of VAD all four strains exhibited liver RA levels similar to those observed at the beginning of VAD (Figure 4) . These results suggest that during VAD there may be a mechanism in play which restores liver RA levels following a temporary drop, and that neither CRBP1 nor ADH1 are needed for this mechanism, as it occurred in Crbp1 −/− /Adh1 −/− mice. After 36 weeks of VAD, retinol and retinyl ester levels were very low in all four strains (Table 2) . At this stage of VAD nearly all liver retinyl esters had been depleted and serum retinol levels were reduced by 10-fold compared with mice on a normal diet. Also, by 36 weeks of VAD liver retinol levels (6-11 ng/g) were similar to liver RA levels (2.5-4.1 ng/g), rather than being about 1000-fold higher as observed in mice on a normal diet. These findings demonstrate that there is a remarkable ability to maintain liver RA levels during VAD, even after serum and liver retinol levels have dropped drastically. We have previously shown that ADH1 is responsible for most of the serum and liver RA produced following a 50 mg/kg oral dose 
Table 2 Retinoid levels in serum and liver of mice on VAD diet for 36 weeks
The results are expressed as the means + − S.E.M. (n = 3). All mice examined were females. Note that values are in ng/g (or ml).
Serum Liver of retinol [23] . In order to further examine the effect of CRBP1 and ADH1 mutations on metabolism of retinol into RA, we quantified retinoids at 2 h after oral injection of retinol (50 mg/kg). In the absence of CRBP1 and/or ADH1, more of the injected retinol accumulated in the serum (approx. 2-fold higher serum retinol levels for all three mutant strains relative to wild-type), indicating that both proteins normally function to clear excess retinol from the blood (Table 3) . Liver retinol levels following a retinol dose were not significantly affected by a loss of CRBP1, but there was a slight increase in liver retinol when ADH1 was missing.
Compared with wild-type mice, Crbp1 −/− mice exhibited 3.4-fold higher serum RA levels and 3-fold higher liver RA levels following an oral dose of retinol (Table 3) . These increases were not observed in Crbp1 −/− /Adh1 −/− mice which exhibited values similar to Adh1 −/− mice, i.e. approx. 5-fold lower serum and liver RA compared with wild-type. After retinol treatment, liver retinyl ester values were lower in Crbp1 −/− mice, higher in Adh1 −/− mice, whereas Crbp1 −/− /Adh1 −/− mice accumulated more retinyl esters than Crbp1 −/− mice (Table 3 ). These findings indicate that the absence of CRBP1 makes more retinol available to ADH1 for metabolism to RA. Conversely, the absence of ADH1 makes more retinol available to CRBP1 for conversion to retinyl esters.
DISCUSSION
Opposing actions of CRBP1 and ADH1 maintain retinyl ester homoeostasis
Previous studies have demonstrated that CRBP1 is expressed in both hepatocytes and liver stellate cells where it contributes to vitamin A homoeostasis by facilitating uptake of serum retinol into hepatocytes and transport to stellate cells for conversion into Table 3 Dynamic levels of retinoids in serum and liver of mice at 2 h after injection of retinol (50 mg/kg)
The results are expressed as the means + − S.E.M. (n = 3). All mice examined were females at 10 weeks of age. Note that values are in µg/g (or ml). *P < 0.05 compared with wild-type mice. †P < 0.05 compared with Crbp1 −/− mice.
Serum Liver
Genotype All-trans-RA (µg/ml) All-trans-retinol (µg/ml) All-trans-RA (µg/g) All-trans-retinol (µg/g) Retinyl esters (µg/g) retinyl esters for long-term storage of vitamin A [15] . Crbp1 −/− mice have much lower liver retinyl ester stores than wildtype mice and experience a much quicker loss of retinyl esters during VAD [18] . ADH1 is also expressed in both hepatocytes and stellate cells [42] . Our analysis of Crbp1 −/− /Adh1 −/− double mutant mice has demonstrated that the loss of liver retinyl esters observed in the absence of CRBP1 can be prevented by the additional loss of ADH1. We further demonstrate that ADH1 is involved in a continuous oxidative turnover of retinol into RA irrespective of dietary vitamin A conditions (i.e. vitamin A sufficiency, deficiency or excess) and that CRBP1 limits this turnover.
Based upon these findings, we hypothesize that a major function of CRBP1 in liver (hepatocytes and stellate cells) is to protect free retinol from ADH1. ADH1 is very active in metabolizing free retinol [19] [20] [21] and is present at very high levels in hepatocytes and stellate cells, accounting for 0.9 % of total mouse liver protein [48] . Whereas ADH1 activity may be very useful to clear excess retinol to prevent toxicity [23] , too much activity by ADH1 could severely reduce the amount of retinol available for conversion into retinyl esters for storage. Thus CRBP1 provides a pool of retinol for retinyl ester synthesis that is mostly protected from ADH1 activity, and retinyl esters themselves are protected from ADH1 oxidation by the fatty acid moiety covalently bound to the alcohol group. Most vitamin A is thus normally protected from ADH1 as it is present as retinyl esters, and when retinyl esters are hydrolysed to produce free retinol, most of this is presumably bound once again to CRBP1 which precludes ADH1 oxidation. Thus during cyclic retinyl ester formation, retinyl ester hydrolysis and re-esterification, only a small fraction of total vitamin A exists as retinol bound to CRBP1 at any given point in time, and an even smaller fraction exists as free retinol upon dissociation from CRBP1. Based upon the observation that the amount of CRBP1 present in liver exceeds the amount of retinol, it has been calculated that most intracellular retinol is bound non-covalently to CRBP1 [43, 44] , but a small fraction of free retinol may exist. Our observation that Adh1 −/− mice accumulate more retinyl esters than wild-type mice even during VAD (when no new retinol is entering the body) provides evidence that a small amount of free retinol does in fact normally exist in liver which is continuously oxidized into RA by ADH1 for retinol turnover.
We propose that opposing actions of CRBP1 and ADH1 on liver retinol metabolism continuously regulate the amount of retinyl ester storage. This mechanism provides a long-term source of stored vitamin A while ensuring that retinoid turnover still occurs under any dietary vitamin A conditions. As all-trans-RA is the only retinoid known to be physiologically required for gene regulation [6] , continuous retinol oxidation by ADH1 activity may be useful for turnover of retinyl esters that have suffered oxidation during their long-term storage; i.e. retinoids containing an oxidized β-ionine ring such as 4-hydroxy or 4-oxo have less biological activity [49] . Retinol turnover may also be particularly critical during ingestion of food sources containing high vitamin A content (i.e. liver or milk) to ensure that toxic amounts of vitamin A do not accumulate. Our previous studies on Adh1
mice have demonstrated that in order to minimize retinol toxicity in adult mice it is most beneficial to clear retinol by ADH1-mediated oxidation into RA [23] . Although RA is a teratogen [50] , RA is less toxic to adult tissues than retinol due to the fact that RA is very quickly further metabolized by P450s to more easily excretable forms such as 4-oxo-RA [38] . Alternative disposition mechanisms for retinol lead to excessive toxicity in adult animals; for example, when retinol builds up, this results in excessive retinol glucuronidation that leads to depletion of uridine diphosphoglucuronic acid needed to perform other essential glucuronidations [51] .
Serum retinol homoeostasis by CRBP1 and ADH1
As part of the vitamin A homoeostatic mechanism, serum retinol levels are normally maintained within a very narrow range, so that peripheral tissues receive a constant amount of retinol to ensure uninterrupted production of RA and visual pigment despite varying amounts of dietary vitamin A. Serum retinol-binding protein plays an important role in this mechanism [13] , as does liver CRBP1 and liver ADH1 as shown in the present study. Previous studies have shown that wild-type mice maintain a constant amount of serum retinol for at least 23 weeks of VAD, but that Crbp1 −/− mice do not maintain normal serum retinol levels after 13 weeks of VAD [18] ; this was confirmed in the present study.
In the present studies, we found that Crbp1 −/− /Adh1 −/− mice maintain serum retinol levels during VAD similar to wild-type, presumably due to higher liver retinyl ester stores in the double mutant where ADH1 is not present to oxidize retinol. Additionally, we show that ADH1 and CRBP1 both function to prevent excessive accumulation of retinol in serum following ingestion of excess retinol. We suggest that CRBP1 does this by stimulating accumulation of retinol in the liver for conversion into retinyl esters, and that ADH1 does this by oxidizing any retinol in the liver that is not bound to CRBP1. Our findings thus demonstrate that CRBP1 and ADH1 both contribute significantly to the disposition of dietary retinol to maintain a minimum level of serum retinol and to prevent excessive serum retinol accumulation.
Liver RA homoeostasis
We have demonstrated that vitamin A turnover in the liver occurs primarily through oxidation of retinol to RA by ADH1 and RALDH1 [23, 41] . However, the steady-state amount of RA in liver is very low and fairly constant among all the strains tested here (2-4 ng/g in mice not treated with retinol). This may be due to very efficient further metabolism by P450 enzymes [39] and binding to cellular RA-binding proteins which may protect some RA from degradation [44] . This mechanism is temporarily overwhelmed following treatment with excess retinol, revealing very high levels of liver RA. This is a dynamic situation as RA levels return to the steady-state level at approx. 8 h after retinol treatment of wild-type mice [46] . In the absence of CRBP1 we now show that treatment with retinol leads to even higher levels of liver RA, and we demonstrated that this is due to greater access of retinol to ADH1. Our observation that steady-state liver RA levels are not significantly reduced when ADH1 activity is lost may be explained by the existence of additional enzymes that oxidize retinol for RA synthesis. Indeed, analysis of Adh3 −/− mice has previously shown that class III ADH (ADH3) also contributes to liver retinol oxidation in vivo [52] . In addition, several microsomal SDRs may contribute to retinol oxidation in liver [24] [25] [26] .
Mechanism of CRBP1 action
For cells that express CRBP1, most intracellular retinol is bound non-covalently to CRBP1, leaving very little free retinol [43, 44] . Our findings suggest that CRBP1 greatly reduces the access of retinol to ADH1, but that a small fraction of free retinol always exists which can be oxidized by ADH1 for retinol degradation. The ability of ADH1 to use the free retinol available in the presence of CRBP1 may be the result of its very high expression in the liver which allows utilization of free retinol at very low concentrations. Based upon kinetic studies, microsomal LRAT and some forms of microsomal SDR have been reported to utilize the CRBP1-retinol complex as a substrate to produce either retinyl esters [16] or retinaldehyde for RA synthesis [53] respectively. This implies a physical interaction between these microsomal enzymes and the CRBP1-retinol complex to facilitate entry of retinol into the enzyme active site. A cross-linking study using a UV-activated reagent indicated that such an interaction occurs between rat RoDH1 (microsomal retinol dehydrogenase) and CRBP1-retinol [53] . As we have shown that liver RA levels are maintained in Crbp1 −/− mice grown on normal or VAD diets, physical interaction of enzymes with CRBP1 is not absolutely required for oxidation of retinol in the liver which may be designed primarily for retinol degradation. However, outside the liver, CRBP1 or related binding proteins may facilitate retinol oxidation by enzymes that can physically bind CRBP1 to enhance synthesis of low levels of RA needed for signalling processes. Thus two categories of retinol-oxidizing enzymes may exist: CRBP1-binding forms designed to synthesize RA for signalling, and forms unable to bind CRBP1 designed to degrade free retinol.
